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of uranium, thorium and radium was demonstrated at two field sites, where plant tissue 23 concentrations reached up to 46.93 μg g -1 238 U, 0.67 μg g -1 232 Th and 18.27 kBq kg -1 226 Ra. 24
High root retention of uranium was consistent in all plant species studied. In contrast, most 25 plants showed greater bioaccumulation of thorium and radium into above-ground tissues. 26
The influence of specific soil parameters on root radionuclide bioaccumulation was 27 examined. Total organic carbon significantly explained the variation in root uranium 28 concentration, while other soil factors including copper concentration, magnesium 29 concentration and pH significantly correlated with root concentrations of uranium, radium 30 and thorium, respectively. All four orders of Glomeromycota were associated with root 31 samples from both sites and all plant species studied showed varying association with AM 32 fungi, ranging from zero to >60% root colonization by fungal arbuscules. Previous laboratory 33 studies using single plant-fungal species association had found a positive role of AM fungi in 34 root uranium transfer, but no significant correlation between the amount of fungal infection 35 and root uranium content in the field samples was found here. However, there was a 36 significant negative correlation between AM fungal infection and radium accumulation. This 37 study is the first to examine the role of AM fungi in radionuclide soil-plant transfer at a 38 community level within the natural environment. We conclude that biotic factors alongside 39 various abiotic factors influence the soil-plant transfer of radionuclides and future 40 mechanistic studies are needed to explain these interactions in more detail. 41
Introduction
environments with naturally occurring radioactive materials (NORM) because of the 48 underlying geological characteristics, and concentrations may be further enhanced by 49 activities such as mining and processing of radioactive ore. High concentrations of 238 U, 50 232 Th and 226 Ra can be a potential risk to ecosystem health because of radioactivity and 51 chemotoxic effects when accumulated at high concentrations within biological tissues 52 (Davies et al., 2015; IAEA, 1994 ; Saenen et al., 2013) . As such, understanding the 53 behaviour, mobility and transfer of radionuclides is critical for the development of 54 management strategies for contaminated sites, and is relevant to NORM contamination, 55 nuclear site clean-up and disposal of radioactive waste. Uranium is of particular research 56 interest because of its abundance, its presence at former mining and ore processing sites 57 (Malin and Petrzelka, 2010; Winde et al., 2017) , and also because of the dependency of its 58 environmental mobility on chemical oxidation state (IAEA, 1994; Mitchell et al., 2013) . 59
Radioecology surveys have been undertaken at radionuclide contaminated locations 60 around the world, and have mostly examined radionuclide uptake into agricultural plants, 61
including the transfer of 238 U, 232 Th and 226 Ra into watermelon and zucchini (Al-Kharouf et 62 al., 2008) or wheat plants (Pulhani et al., 2005) , and the accumulation of 226 Ra into various 63 leafy vegetables and fruits (Ross et al., 2013) and into rice plants ( Karunakara et al., 2013) . 64 respectively (Pulhani et al., 2005) . A more complete understanding of radionuclide 79 partitioning would be useful for determining whether there are greater risks for radionuclide 80 food chain transfer via above-ground vegetation herbivores or via soil microorganisms and 81 animals who feed on roots. 82 Arbuscular mycorrhizal (AM) fungi are associated with 80 -90% of terrestrial plant 83 species (Harrison, 1997) and provide a vital interface between the soil and plants. AM fungi 84 extend beyond the rhizosphere and contribute significantly to essential element and nutrient 85 uptake from the soil into the roots, in exchange for carbon assimilated by the host plant 86 (Harrison, 1997; Harrison et al., 2002) . Evidence from laboratory-based studies that have 87 examined single plant-single fungus species associations has shown that AM fungal hyphae 88 can access and transport 238 U from source to root sinks, while root retention of 238 U was 89 greater when plants were mycorrhizal, as seen in Medicago plants (Chen et al., 2005a) , 90
barley (Chen et al., 2005b) , and carrot roots (Rufyikiri et al., 2003) . However, no previous 91 radioecology study has included data regarding AM fungi within the natural environment or 92 considered the mycorrhizal status of the plants at a radionuclide contaminated field site. 93
Therefore to identify biotic factors in addition to abiotic factors that may influence 94 radionuclide transfer in these ecosystems this present study was undertaken with the 95 objective to determine the tissue-specific partitioning of 238 
AM fungal colonization quantification 167
Root samples were collected after the removal of the soil, were rinsed in HPLC grade water 168 four times to further remove soil then stored in 70% ethanol until staining. Root samples 169 were cleared, rinsed, bleached and acidified as described previously (Koske and Gemma, 170 1989 ), then immediately stained and de-stained as described (Newsham and Bridge, 2010) . 171
The quantification of AM fungal colonisation was based on an intersection method to rank 172 the presence or absence of fungal structures (McGonigle et al., 1990) . De-stained roots 173 were cut into 1 cm segments, laid horizontal and in parallel on a glass slide and viewed 174 under 100 X magnification with an eyepiece graticule marked with a vertical transect line. 175
The transect line (perpendicular to the root) was placed at the left end of a root section. A 176 fungal structure was recorded as present if the transect line ran through one or several AM 177 fungal structures or as absent if no fungal structure was present (an empty root cell), then 178 the root was moved one field of view to the left and the next transect line outcome was 179 observed. Wherever possible, over 100 intersections per root sample with three biological 180 replicates were recorded except where there was limited available root material (Table S1) Research, University of Liverpool, UK, for downstream sample processing and sequencing 209 using an Illumina HiSeq 2500 (Illumina, Cambridge, UK). QIIME 1.9.1 was used for 210 sequence processing (Caporaso et al., 2010) . Forward and reverse reads were matched evaporated and the samples were dry. After 30 days re-sealed, the spiked standards were 240 run as before. Plant and soil 226 Ra activity concentrations ± counting error were calculated 241 using equations described in Supplementary Methods (Supplementary Information), based 242 on those described previously (Chen et al., 2005c; IAEA, 1989) . Plant sample activity considered. Plant root sample element concentrations were also adjusted by a Ti % to account for any remnant soil left on the plant tissue. ICP detection limits for plant tissue 268 analyses were: As < 0.132 μg L -1 ; Ca < 0.004 mg L -1 ; Cu < 0.029 μg L -1 ; Fe < 0.002 mg L -1 ; 269 K < 0.004 mg L -1 ; Mg < 0.007 mg L -1 ; Mn < 0.007 mg L -1 ; P < 0.009 mg L -1 ; S < 0.017 mg L -1 ; 270 Sn < 0.021 μg L -1 ; Th < 0.030 μg L -1 ; Ti < 0.263 μg L -1 ; U < 0.002 μg L -1 and Zn < 0.096 μg L -271 1 . The detection limits for soil sample analyses by ICP were < 0.000 μg L -1 for As, Cu, Sn, 272
Th, Ti, U and Zn and Ca < 0.005 mg L -1 ; Fe < 0.029 mg L -1 , K < 0.006 mg L -1 ; Mg < 0.007 273 mg L -1 ; Mn < 0.006 mg L -1 ; P < 0.011 mg L -1 and S < 0.013 mg L -1 . used to test for significant differences between South Terras and Needle's Eye soil 286 characteristics (P < 0.05) and soil element (including radionuclide) concentration data (P < 287 0.05). However, One-Way ANOVA, Kruskall-Wallis, non-parametric tests were used for soil 288 concentration outliers (P < 0.05), whilst Two-Way ANOVA analyses, with Tukey's multiple 289 comparisons, was used to test for significant element concentrations (including 290 radionuclides) or TF differences between plant leaf, stem/petiole and root tissue (P < 0.05). 
Soil characteristics and sampled plant species identification at South Terras and 298
Needle's Eye sites 299
The soil at South Terras was significantly more acidic (pH 4.5 to 5.6) than at Needle's Eye 300 (pH 5.2 to 6.4; Fig. 2a ). The amounts of TOC were notably different: 39 ± 5% at Needle's 301
Eye and 12 ± 11% at South Terras (Fig. 2b) Needle's Eye due to one sample of 596 µg g -1 PO 4 3compared with a mean value of 114 µg 307 g -1 ( Fig. 2c-e ). South Terras soils had significantly lower concentrations of SO 4 2-, all <160 µg 308 g -1 , whilst the mean SO 4 2concentration was 390 µg g -1 at Needle's Eye (Fig. 2f ). 309
Mean 238 U concentrations were slightly lower at South Terras compared with 310
Needle's Eye where most sample sites had soil 238 U concentrations >200 µg g -1 . Soil from 311
Needle's Eye at site N1, which was closer to the cliff and outside of the anoxic bog, was a 312 clear outlier (P = 0.0064) compared with all other Needle's Eye samples, with much lower 313 238 U concentration. However, there was no significant difference between South Terras and 314
Needle's Eye (Fig. 2g ). The concentrations of 232 Th in soils were generally low in comparison 315 to 238 U concentrations. There was also no significant difference between soil 232 Th 316 concentrations at both field sites but greater variation at South Terras (Fig. 2h ). There was 317 high variation in 226 Ra activity within soils collected from South Terras with the greatest 318 activities coming from those sampled from the former ore processing area. The lowest 319 activity was determined from site S1 at 2 kBq kg -1 , whilst an activity of 97 kBq kg -1 was 320 detected at site S2. Such high 226 Ra activities were not present at Needle's Eye, where 15 from K and P, all other macro-elements (Ca, Mg and S) were present at significantly higher 325 concentrations in Needle's Eye soils compared with South Terras soils ( Fig. 3a-e ). The trace 326 element Zn was at significantly elevated concentration in Needle's Eye soils compared with 327
South Terras (Fig. 3i ). Fe concentrations were variable but were significantly higher at South 328
Terras in contrast to Needle's Eye soils (Fig. 3g) , whereas there was no significant 329 difference in soil Cu or Mn concentrations ( Fig. 3f, h) . Soil As and Pb concentrations were 330 significantly higher at the former mine site of South Terras compared with Needle's Eye ( Fig.  331 3j, k), but the two locations had no significant difference in Sn (Table S4) . 332
South Terras and Needle's Eye were both heavily vegetated with mature trees and 333 substantial coverage of understory plants. Smaller understory plants were chosen that could 334 be taken from the site intact for subsequent whole-plant analysis (Fig. S1 ). The species that 335
were dominant at the time of sampling across both field sites were chosen. Taxonomic 336 classification was confirmed by DNA barcoding (Table S3) Mn and Zn. Micro-element concentrations were highly varied within plant tissues from some 387 individual samples and, for most species root concentrations, were significantly higher than 388 above-ground tissue concentrations (Table S4 ). For example, the concentrations of As and 389
Pb from the roots of samples from both South Terras and Needle's Eye were substantial, 390
with As ranging from 14 µg g -1 to 225 µg g -1 . As and Pb concentrations were also higher in 391 the South Terras plants than those from Needle's Eye. Concentrations of Sn were low in 392 many samples and there was no significant difference between field locations. 393
238 U values within all tissues (Table S4) were substantially above the typical (0.005 -394 0.06 µg g -1 ) plant concentration range (Djingova et al., 2013) . A. scolopendrium showed very 395 high root 238 U concentrations of 31 -47 µg g -1 (Table S4) . Similarly, P. vulgaris samples had 396 high root 238 U concentrations up to 17 µg g -1 , whilst above-ground concentrations did not 397 exceed 4 µg g -1 . The Needle's Eye plants, such as C. oppositifolium from site N6, also had 398 high concentrations of root-localised 238 U while leaf and stem/petiole concentrations were 399 much lower. In contrast, I. pseudacorus had relatively low concentrations of 238 U in stems 400 (up to 0.26 µg g -1 ) and roots (≤ 2.5 µg g -1 ). In nearly all samples, the amounts of 238 U in root 401 tissues were substantially greater than from the leaf or stem/petiole tissues (Fig. 6a ). Only I. that were significantly higher than the stem/petiole and leaf values, however, Needle's Eye The 232 Th data were markedly different from those of 238 U. The relative 232 Th tissue 407 partitioning showed that 232 Th was concentrated in the leaves and stem/petiole tissues for a 408 number of samples while the root 232 Th concentration proportions were relatively small ( Fig.  409   6b) . Overall, neither South Terras nor Needle's Eye plants showed significant differences in 410 the concentration of 232 Th between tissue types. Furthermore, 232 Th accumulation was 411 generally low in all collected plant samples, with P. vulgaris root tissue (0.67 µg g -1 ) and O. 412 crocata leaf tissue (0.71 µg g -1 ) having low but detectable concentrations, while the majority 413 of C. oppositifolium tissue concentrations were below detectable limits (Table S4 ). In 414 general, 226 Ra accumulated more in root tissues than in above-ground tissues although this 415 pattern of plant tissue partitioning was not as distinct as for 238 U (Fig. 6c ). There was high 416 variation in 226 Ra concentrations between many samples of the same species; for example, 417 P. vulgaris from sites S2 and S5 showed values of >15 kBq kg -1 , whilst P. vulgaris roots from 418 sites S1 and S4 had approximately 1 kBq kg -1 226 Ra. I. pseudacorus from site N3 had 226 Ra 419 concentrations in the leaf, stem/petiole and root that ranged from 4.65 -11.50 kBq kg -1 , yet I. 420
pseudacorus samples from other sites did not exceed 2.37 kBq kg -1 . A. scolopendrium also 421 displayed very low or below detectable 226 Ra activities (Table S4) . 422 423
Radionuclide soil to plant transfer factors 424
TFs from soil-to-root, soil-to-stem/petiole and soil-to-leaf for each individual plant sample 425 were calculated on a dry weight basis. TF values for 238 U were much higher (P <0.015) for 426 soil-to-root compared with the ratios from soil-to-above-ground tissues for the South Terras 427 plant samples (Fig. 7) . For example, P. vulgaris and A. scolopendrium root tissues had TF 428 values up to 0.37, whilst no stem/petiole or leaf tissue TF was greater than 0.03 and 0.04, 429
respectively. The soil-to-root 238 U TFs were considerably higher for the South Terras 430 samples than the Needle's Eye samples, apart from C. oppositifolium from site N6, which 431 gave the highest 238 U soil-to-root TF of 0.09 (Fig. 7c) . For many Needle's Eye samples, such 432 as I. pseudacorus, the mean soil-to-root TF value was not significantly different to the soil-to-greater TF into above-ground tissue in comparison to all other samples. The profile of TFs 435 for 232 Th were quite different from those obtained for 238 U (Fig. 7) . The soil-to-leaf, soil-to-436 stem and soil-to-root TFs were not significantly different (P >0.05), with the majority of did not indicate any clear differences on the basis of species. However, for the 226 Ra TFs, all 440 three I. pseudacorus samples had elevated 226 Ra TF values (Fig. 7) , whereas most of the 441 other samples from Needle's Eye and South Terras had 226 Ra TFs that were below these 442 ranges. 443 444
Abiotic factors potentially influencing radionuclide bioaccumulation 445
PCA was performed to ascertain whether specific abiotic and biotic factors of the soils within 446 the rhizosphere were important in influencing 238 U, 232 Th and 226 Ra bioaccumulation. The 447
root 238 U PCA plot shows clearly separate clustering of the South Terras and Needle's Eye 448 plant samples, primarily on the basis of PC1 (Fig. 8a) . Not all of the samples of the same 449 species were grouped together. For example, P. vulgaris from sites S1 and S4 were 450 positioned either side of the remaining South Terras samples, which were more closely 451 clustered. As shown in the corresponding eigenvector loadings (Table S5) showing a poor correlation with root 238 U (r = 0.26), soil PO 4 3gave a very strong positive 466 correlation with soil 238 U (R 2 = 0.69; r = 0.83; P = 0.003) (Fig. S2) . 467
The 232 Th (Fig. 8b ) and 226 Ra (Fig. 8c 
474
and TOC, showed significant correlations with root 232 Th concentration ( Fig. 9b; Fig. S2 ). 475
The relationship between soil and root 232 Th was the strongest (R 2 = 0.65; r = 0.81; P = 476 0.005). Similarly, the only positive correlating factor with root 226 Ra concentration was with 477 soil 226 Ra concentration (R 2 = 0.70; r = 0.84; P = 0.009), while soil Mg concentration showed 478 a significant negative correlation with root 226 Ra concentration (Fig. 9c) . 479 480 3.6. The relationships between the degree of AM fungal association and root radionuclide 481 concentration 482
The quantified percentage abundance of AM fungal hyphae, arbuscules and vesicles within 483 root tissues (Fig. 4) was also included in each PCA. Overall, the fungal data were not a 484 major influencing factor for the PCA plots, although % arbuscules was a key factor 485 underpinning PC3 (explaining 12 -14% of the variation) for each of the plots (Table S5) . 486
Linear regression analysis found no significant correlation for any of the fungal 487 characteristics in relation to root 238 U or 232 Th concentration (Fig. 10) . In contrast there was a 488 Although most previous studies did not determine soil-to-root TFs, we observed substantial 548 root retention of 238 U in nearly all samples, which is consistent with lower TF values into 549 above-ground tissues. Because it is extremely difficult to remove all soil particles from root 550 tissues, caution should often be made in the interpretation of root values from soil-grown 551 plants. Here the 'root' 238 U values were adjusted using a Ti correction factor to take any 552 remnant soil left on the plant tissue into account (Cook et al., 2009), therefore these 238 U root 553 retention values were accepted with greater confidence. This root retention profile is fully 554 consistent with that seen in another recent examination of 53 native plant species (Favas et 555 al., 2016). This root retention of 238 U may suggest a reduced concern regarding further 556 ecosystem transfer of the radionuclide through animal or insect herbivory. Furthermore, high 557 concentrations of radionuclides within plant roots may be a concern for soil animals and 558 microorganisms that feed on plant root biomass. 226 Ra TFs were much higher than for 232 Th 559 and 238 U, which could be the result of higher solubility. 226 Ra may accumulate as Ra 2+ 560 through uptake pathways for Ca 2+ , an essential ion required on a large scale by plants 561 (Skoko et al., 2017; Vera Tomé et al., 2003) . This could also explain why 226 Ra tissue 562 partitioning was not distinctive. 563
Multiple abiotic factors are likely to influence radionuclide TFs and the overall mobility 564 of radionuclides. PCA validated TOC as a major influencing factor behind the variation in 565 root concentrations of 238 U, 232 Th and 226 Ra. Linear regression of soil TOC relative to total 566 root 238 U concentration gave a weak correlation, although the relationship was much 567 stronger when 238 U TF was considered. Other factors in addition to TOC may contribute to 568 238 U bioaccumulation characteristics in these environments. Previous research has identified 569 factors including soil pH, cation exchange capacity, organic matter, particle size distribution, 570
Ca 2+ , K + and PO 4 3concentration that can affect 238 U bioaccumulation, in part due to 571 changes to its oxidation state (Boghi et al., 2018; Chen et al., 2005c; Ebbs et al., 1998 ; 572 key factor. Based on previous modelling (Ebbs et al., 1998) , free uranyl cations are predicted 574 to be prevalent in South Terras soil (pH range 4.5 -5.6), while at Needle's Eye (pH range 5.2 575 -6.4) U-hydroxides and U-carbonates are predicted to be more highly abundant, but these 576 are less readily bioavailable (Ebbs et al., 1998; Vandenhove et al., 2007) . The negative 577 correlation of soil pH versus 238 U root concentration supports this. 578
It was interesting to observe strong positive correlations for root 238 U concentration 579 with soil Cu and Pb. It is clear that there is a phylogenetic basis to plant species-specific 580 variation in element and radionuclide concentrations within tissues (Broadley et al., 2004; 581 Willey, 2010) . Although phylogenetic variation in plant U concentration is yet to be fully Th and soil Ca or K were in support of previous discussions (Pulhani et al., 2005) . The 607 data also support the proposition that Th adsorption to organic matter is positively related to 608 increasing pH, inferring that bioavailability of 232 Th would decrease with increasing pH in the 609 presence of organic materials (Syed, 1999) . 610
Microbial influences on radionuclide bioaccumulation into plants must be considered, 611
including the potential role of AM fungi (Davies et al., 2015) . A key aim of this study was 612 therefore to determine the root mycorrhizal status of the collected plants by quantification of 613 In conclusion, we have presented the first data regarding plant uptake of 238 U, 232 Th 650 and 226 Ra from two significant radionuclide-rich environments in the UK. Native plants 651 displayed elevated concentrations of these radionuclides, particularly 238 U, which was highly 652 partitioned in plant roots. We indicate that abiotic factors including TOC may be a key 653 influence on radionuclide transfer. We also show that AM fungi are prevalent in these 654 environments and suggest that the study of plant-fungal association in the context of 655 radionuclide bioaccumulation at field scale is challenging and will require a better 656 understanding of fungal community dynamics. presented as open and closed circles, respectively. 969
